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Abstract
A wide range of single-molecule techniques has streamlined the process of applying and studying
the effects of force on individual molecules. The centrifuge force microscope (CFM) is one such
technique that allows for high-throughput single-molecule pulling experiments. It is relatively
inexpensive and user-friendly, making it a suitable tool to study the effects of force on various
biomolecular interactions. A benchtop centrifuge can be used to apply centrifugal force to
molecular constructs that are tethered between a glass slide and a microsphere. Molecular events
like bond dissociation result in the removal of the microsphere from the surface, which is observed
by video microscopy during centrifugation. In this project, we used the CFM in a constant force
mode to quantify the energetics of nucleotide base-stacking interactions in DNA duplexes. The
interactions were quantified by measuring force-induced off-rates of DNA constructs with or
without an interfacial base-stack. Differences were observed in the off-rates between the constructs
containing additional base-stacks at the interface relative to those without, and this difference was
used to calculate the energy contribution of each base-stack. A global trend was identified, with
purine-purine base-stacks being the most stable, then purine-pyrimidine base-stacks, and finally,
pyrimidine-pyrimidine base-stacks being the least stable. This data will be useful in improving
molecular modeling and in designing more stable DNA nanostructures. Similar experimental
designs can be used to study other biomolecular interactions like receptor-ligand binding or
enzyme activity assays. Moreover, this spotlights the capabilities of the CFM as a versatile singlemolecule technique.
Keywords: Base-stacking, Centrifuge force microscope, Single-molecule
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Introduction
Single-molecule experiments have and continue to play a revolutionary role in studying
the complex structures and properties of biological molecules. Innovations in the field of singlemolecule biophysics have driven the creation of many techniques aimed at studying various
biological areas, such as DNA structures, enzymology, or protein folding (Deniz et al., 2008).
These techniques are effective ways to apply and measure the effect of forces on individual
molecules. Optical tweezers, magnetic tweezers, and atomic force microscopy are some of the
most common approaches used in the field, and they have a variety of advantages and limitations
(Neuman & Nagy, 2008).
The centrifuge force microscope (CFM) is a relatively new technique that is inexpensive
and allows for high-throughput single-molecule pulling experiments in parallel (Halvorsen &
Wong, 2010). It has gone through several design iterations (Yang et al., 2016) becoming more
inexpensive and gaining new features, including wireless data transmission and easier interfacing
with the CFM and the benchtop centrifuge (Hoang et al., 2016). For this single-molecule
technique, a benchtop centrifuge can be used to apply centrifugal force to a sample chamber which
contains molecular DNA constructs that are tethered between the chamber glass slide and a
microsphere (Fig. 1 A). Multiple tethers can be pulled and observed in parallel, which substantially
increases the rate of data collection. Molecular events like bond dissociation of the construct result
in the removal of the microsphere from the surface of the sample chamber, which is observed by
video microscopy inside the active centrifuge. The CFM unit is very compact, with the optical and
electronic components being assembled into a 3D printed casing (Fig. 1 B, C, & D). This can then
fit inside a centrifuge bucket (Fig. 1 E), and the bucket is placed directly into a benchtop centrifuge
for application of force (Fig. 1 F). Using a standard centrifuge significantly lowers the cost of this
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technique as compared to other single-molecule techniques, making it an accessible and versatile
tool to study the effects of force on various biomolecular interactions.

Figure 1. Centrifuge Force Microscope (CFM) Operation and Design
(A) Working concept of the CFM. Microspheres tethered to the sample chamber experience
centrifugal force when subjected to angular motion, which in turn is experienced by DNA
constructs extending in the direction of applied force (inset). (B & C) 3D rendering of the wireless
CFM unit. (D) Schematic of the CFM with its major optical components. (E) Images of CFM Unit
with components labeled and the CFM inside the 400 mL centrifuge bucket. (F) Image of the
standard benchtop centrifuge used in experiments with inset showing a top-down perspective of a
wireless CFM unit and counterbalance in two buckets inside the centrifuge.
2

The CFM has been previously used in experiments to show its high customizability and
ability to produce highly sensitive measurements. It was shown to be capable of detecting a single
nucleotide variation in experiments with short DNA oligonucleotides (Abraham Punnoose et al.,
2020). Therefore, this is a good approach to study the energetics of many weak biomolecular
interactions, such as the energetics of different nucleotide base-stacks.
Base-pairs and base-stacks are biomolecular interactions which are a fundamental part of
the structure of nucleic acids. They play a significant role in the stability of the DNA double helix
(Zacharias, 2020). Watson-Crick bases form hydrogen bonds with their complementary pairs, and
their energetics and stability have been studied previously (Šponer et al., 2004). However,
nucleotide base-stacks are less well understood and characterized. The base-stack interactions
occur on adjacent nucleotides on the same DNA strand. They originate from the π-stacking of the
nitrogenous bases and their aromatic rings in the DNA duplex structure (Matta et al., 2006).
Quantification of these base-stacking interactions is crucial for paving the way for better
understanding of nucleic acid structures. Knowing the energetics of the base-stacking interactions
will allow for the optimization of DNA simulations and computer modeling software. It will also
be helpful in creating complex nanostructure designs with greater stability.
Some previous experiments have attempted to quantify the energetics of the base-stacking
interactions using a variety of approaches. For instance, one study used dual-beam optical tweezers
and DNA origami nanostructures to isolate weak stacking forces for base-pair stacking
combinations. However, this is extracting the energetics for different pairs of stacking interactions
instead of looking at each base-stacking interaction separately (Kilchherr et al., 2016). Other
papers use the electrophoretic mobility of various DNA strands, with or without nicks that add or
remove different base-stacks, on polyacrylamide gels to measure the interactions (Protozanova et
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al., 2004). This same approach was also used to study the base-stacking interactions with different
environmental variables, like salt concentration or temperature (Yakovchuk, 2006). A fourth
paper, demonstrated the precision of a new approach involving Stereo Darkfield Interferometry
and magnetic tweezers, by quantifying the energetics of a single base-stacking interaction using
DNA substrates with and without an AG base-stack (Rieu et al., 2021). Overall, many of these
papers studied base-stacks by relying heavily on complex DNA origami structures and using
various calculations to extrapolate the energetics.
In this project, we used the CFM in a constant force mode to quantify the energetics of
weak base-stacking interactions in DNA duplexes. Base-stacks were quantified by measuring
force-induced off-rates of DNA junctions containing a variable region with or without an
interfacial base-stack. To create this variable region with the base-stack of interest, we designed
DNA constructs that contained complementary overhangs that, when hybridized together, forms
an interfacial base-stack or no additional base-stacks. We were able to observe differences in the
off-rates between the constructs containing junctions with additional base-stacks relative to those
without. The difference in off-rates was used to calculate the relative difference in the activation
energy barrier which is attributed to the base-stacking energy. This experimental design relies on
extracting the Gibbs free energy of base-stacking by comparing the activation energy required for
dissociating two similar DNA constructs which differ only by the presence of one base-stack, when
assuming similar on-rates. In theory, there are sixteen combinations for the different bases to be
adjacent with one another. Out of the sixteen combinations, ten unique base-stack sequences can
be present in DNA (Fig. 2). In this paper, we quantify the energetics of all ten unique base-stacks.
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Figure 2. Possible Combinations of Bases for Base-Stacking
The ten unique base-stacks are illustrated: with red being adenine, green being guanine, blue
being cytosine, and yellow being thymine bases. This is not representative of the exact
stereochemical arrangement of the bases during overlap.
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Materials and Methods
The overall experimental procedure for running base-stacking experiments, while not
overly complex, had many steps (Fig. 3). Many trials were run for each base-stacking experiment
in order to obtain a large set of data to analyze.

Figure 3. Workflow for Running Base-Stacking CFM Experiments
The overall steps are shown using a flowchart that was used for each base-stack and control
combination studied. It is divided into three sections, construct preparation (grey), experiment
(black), and analysis (white).
A. M13 Scaffold Linearization
A major component of the DNA constructs being used to study the base-stacking
interactions was a circular single-stranded M13 scaffold. The 7249-nt circular M13mp18 ssDNA
(NEB) was combined with a cut site oligo to form a dsDNA region. Then, a double-stranded
specific nicking enzyme, BtscI, cleaved the dsDNA region to linearize the M13 ssDNA (Hoang et
al., 2016). To do this, 5 μL of circular M13 ssDNA (250 ng/μL), 2.5 μL of 10x CutSmart Buffer,
1 μL of restriction-site 20 nt complementary oligonucleotide (BtscI Cut) (100 μM), and 16.5 μL
of nuclease-free water was added to a PCR tube. Then the mixture was mixed thoroughly using a
pipette while care was taken to not introduce any bubbles. After mixing, the tube was placed into
a thermocycler, and an automated temperature annealing protocol was run. The protocol used a
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temperature ramp of 90 °C for 30 seconds, and then it was cooled to 50 °C. At 50 °C, 1 μL of the
nicking enzyme was added and mixed thoroughly with a 20 μL pipettor. After the protocol was
completed, the now linearized M13 scaffold was transferred to a 0.5 μL LoBind tube for storage.
B. Overview of Creating the DNA Construct Mixtures
The general process, for creating different DNA constructs when studying different basestacks or for the controls, was similar (Fig. 4). A variety of constructs were designed for this
project. To create the construct designs, the base-stack being studied was determined and the
sequences designed so that the glass and bead constructs (‘beads’ and ‘microspheres’ are used
interchangeably) had a complementary overhang in the variable region that hybridized to form the
DNA tether. The glass and bead constructs were specifically designed to only test one base-stack
of interest at a time or no new interfacial base-stacks as their control experiments. There were 14
types of DNA constructs, that when combined in different combinations, allowed for a specific
base-stack or its respective control to be studied. All the oligos were purchased through Integrated
DNA Technologies (Coralville, IA) and were purified using polyacrylamide gel electrophoresis.
The fourteen combinations that were needed to achieve all 10 possible base-stacks and controls
are shown in Fig. 5. The AG, AA, and GG base-stacks had one control, and the AT, GT, TT, AC,
CG, CC, and CT base-stacks had a different control. For example, to study the CG base-stack,
construct 11 and 12 would be used to form the tether attaching the microspheres to the glass sample
chamber. Then, construct 6 and 11 would be used as its respective control.

Figure 4. Overview of Creating the DNA Constructs
A circular M13 is linearized and then heat annealed with backbone oligos, biotinylated oligo, and
a variable overhang oligo. This variable overhang (sticky end) allows for hybridization to other
7

DNA constructs. The biotin allows for immobilization to either the sample chamber glass or to
microspheres.

Figure 5. DNA Construct Designs for All Base-Stack and Controls
Different DNA constructs (numbered 1 through 14) can be used to hydride to study the different
base-stacks and their respective controls. They contain overhangs that hybridize together along
the black line in the center. The base-stack designs contain one base-stack at the interface, and
the control designs contain no additional base-stacks. The blue strands are the M13, the red and
green strands are oligos. The purple region, “Sp”, indicates a spacer where no base-stack is
present. The control designs contain spacers on both sides of the hybridizing region, while the
8

base-stack designs only contain a spacer on one side. The other side is allowed to form the unique
base-stack being studied.
C. Immobilization of DNA Construct on the Glass Surface
Firstly, 5 μL of the M13 linearized scaffold was added into PCR tubes. Then, 1.25 μL of
the oligo mixture was added. For instance, when creating the glass construct for the CG base-stack,
construct 12 would be added (Fig. 5). The oligo mixture had biotin on its 5’ end, allowing the
DNA construct to either attach to the streptavidin-coated glass slide or to a microsphere. After
mixing, the tubes were put into the thermocycler, and an automated temperature annealing protocol
was run, with a temperature ramp of 90 °C to 25 °C at the rate of -1 °C per minute. Finally, 39 μL
of 1X phosphate-buffered saline (PBS) and 1 μL of the nanoswitch mixture were combined to
create a 40X dilution of the constructs. This was the last step for creating the glass construct, but
for creating bead constructs, the diluted construct would need to be attached to microspheres.
D. Immobilization of DNA Construct on Microspheres
The DNA construct for the bead construct had to be attached to microspheres that were
streptavidin-coated from Thermo Fisher Scientific (Dynabeads M-270 with 2.8-μm diameter,
Waltham, MA). For instance, when creating the bead construct for the CG base-stack, construct
11 would be added (Fig. 5). To do this, 20 μL of the magnetic beads was pipetted into a tube. Then,
a magnet was used to hold the beads while removing the supernatant. Then the beads were
resuspended in 100 μL of PBS Tween, and then removing and resuspending steps were repeated
two more times to wash the beads. After removing the supernatant for the third time, the beads
were resuspended in 40 μL of PBS tween. Then the beads were added to the 40X dilution of DNA
constructs that corresponded to the DNA base-stack being studied. Then the mixture was vortexed
at 1000 RPM for 20 minutes. After that, a magnet was used to hold the beads, then the supernatant
was removed, and the beads were resuspended in 100 μL of PBS Tween. These steps were repeated
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two more times, and after the last removal of the supernatant, the beads were suspended in 40 μL
of PBS Tween. This completed the creation of the 40X bead construct.
E. Preparing the Sample Chamber
The CFM chamber was created with a SM1A6-threaded metal adaptor from Thor Labs
(Newton, NJ). Two pieces of Kapton tape (www. kaptontape.com) were cut and laid on the metal,
with space in between. Once fully stuck, a scalpel was used to peel off the plastic from both pieces
of tape. Then tweezers were used to take an 18 mm circular coverglass from Electron Microscopy
Sciences (Hatfield, PA), which was then placed on the sticky tape and then gently pressed down
firmly. Then more pieces of Kapton tape were cut, overlayed on top of the glass slide, and aligned
with the placement of the first two tapes. Then the scalpel was used to remove the plastic covering
to expose the sticky side of both pieces of tape. Finally, a 12 mm circular coverglass (Electron
Microscopy Sciences) was laid on the tape at the center of the metal adaptor. It was pressed down
with tweezers to complete the creation of the sample chamber (Fig. 6).

Figure 6. The CFM Sample Chamber Construction
The opening between the two coverglasses and double-sided tapes is the area where the sample is
loaded into the chamber. The inset shows microspheres tethered to the glass chamber surface by
hybridized DNA constructs. The constructs extend when force is applied.
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F. Loading the Chamber
To load the chamber, 5 μL of 10X streptavidin, from Amresco (Dallas, TX), was slowly
added into the chamber using one of the openings between the Kapton tapes in between the
coverglasses (Fig. 6). Then the chamber was incubated for 1 minute. After that, the chamber was
washed with 100 μL of PBS Tween and a Kimwipe was used on the opposite opening of the
chamber to pull the PBS Tween through the chamber. Then, it was washed with 100 μL of PBS
Tween again. This should have removed the unbound streptavidin from the chamber. After this, 5
μL of the glass construct was added into the chamber and incubated for ten minutes. Then, the
chamber was washed twice with 100 μL of PBS Tween to take out the unbound glass constructs.
The bead construct solution was mixed well, and then 5 μL was added into the chamber. Then, the
chamber was sealed by using a pipette tip to push some vacuum grease into the two openings.
Finally, the CFM chamber was screwed into a metal holder, flipped over, and incubated for ten
minutes.
G. Setting up the CFM
Setting up the CFM includes both a mechanical and software aspect. From the mechanical
perspective, batteries were connected to the CFM, and a Wi-Fi connection was established to the
computer. Then, a custom LabVIEW software was launched that can control both the CFM unit
and the benchtop centrifuge (Fig. 7). Various adjustments can be made to the operation of the
CFM, which allows for wide control over experimental parameters. For instance, the force clamp
for the experiment can be set by selecting the RPM of the centrifuge. The frame rate of video
recording, like one frame every five seconds, can also be set. A brief description of the experiment
can also be written, and the correct folder path for the data can be selected in the program. Once
this was done, the program was run, and the centrifuge and microscope camera were activated.

11

This begins the live feed of the microscope to the program. After the CFM sample chamber was
incubated for ten-minute, it was screwed into the microscope, and the exposure was adjusted in
LabVIEW. The chamber position was adjusted until the beads came into focus. Many beads should
be observed on the computer monitor, and they should look uniform. Then the CFM (now
containing the sample chamber) was inverted and placed into a centrifuge bucket. Some of the
beads should be observed dropping off from focus since they were not tethered to the glass by the
hybridized construct.

Figure 7. Custom LabVIEW Software
The computer can interface directly with the CFM and the benchtop centrifuge using this program.
Different components are labeled in blue.
H. Running the CFM
Once the CFM was completely set up, the unit was placed with the bucket into the benchtop
centrifuge. Then a specifically built counterbalance was loaded opposite to it in the centrifuge.
Then the centrifuge was closed, the camera recording was started, and “Run” was selected to start
the experiment through LabVIEW. The LabVIEW software also provided a live feed of what the
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camera was recording. From the display, you should see the beads shift as the centrifuge
accelerates and then stabilize at a position once it reaches 1221 RPM. The 1221 RPM corresponds
to 15 pN of force being applied to the tethered DNA. This was the force clamp used for all DNA
pulling experiments in this project. The equation,
𝐹 = 𝑚𝜔% 𝑟

(1)

enabled the exact centrifugal force to be determined from the rotation speed of the centrifuge
(Abraham Punnoose et al., 2020). The m is the effective mass of the microsphere (mass of bead –
mass of displaced buffer), ω is the angular velocity, and r is the distance between the center of the
centrifuge to the sample chamber. The experiments were conducted at a temperature of 293 °K.
The experiment trial was then run for one to two hours or until almost all the beads dropped off
from focus because of DNA tether dissociation. Multiple trials were run for each base-stacking
combination to ensure the collection of large sets of data for analysis. The dissociation of beads
was recorded at a frequency of 1 Hz until nearly all beads dissociated from the surface.
I. Data Analysis
A custom MATLAB program was used to analyze the data collected from the CFM.
Initially, a start frame was chosen where the beads stopped shifting after the centrifuge stopped
accelerating. Then an end frame was chosen to denote when the experiment ended, and the CFM
stopped recording frames. After that, the program automatically identified all the beads in the
starting frame (Fig. 8 A). The sensitivity of the the bead finding algorithm was tuned to make sure
that all the beads seen by human vision were identified by the program. Then, one single tethered
bead was chosen to be used as a reference for all the other beads, and beads were manually rejected
or accepted. The program also automatically rejected beads that were too close to the borders of
the frame and beads that were overlapping or were too close to each other. Consistency in size and
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focus were observed when manually accepting or rejecting beads. After the manual inputs, the
program tracked the “good” or accepted beads over time to identify when the bead dropped off
from the frame as the construct dissociated (Fig. 8 B). The time when this occurs was recorded by
the program. Many trials were run for each base-stack being explored in this study to ensure that
enough viable data was present for data treatment and analysis. Some reasons why a trial might
not be viable for analysis included trials crashing, unfocused beads, a bubble in the frame pushing
beads out of frame, etc.
After the data from the MATLAB program was extracted, histograms were created for each
good trial to identify the number of beads that were remaining at “x” second intervals of the
experimental time. That data was then normalized, compiled for all the trials, and then the averages
and standard deviations were found. After this, the time intervals were added to the x-axis and the
normalized tethered beads remaining values were added to the y-axis, and a scatter plot was
generated in Origin. Then, error bars were added using the standard deviation. After that, an
exponential decay function,
𝑦 = 𝑦( 𝐴𝑒 +,-

(2)

was fitted to the scatter plot. The y corresponds to the fraction of tethers remaining at a given time,
y0 is the y-axis baseline, A is the fraction of tethers at the beginning of the experiment, and k is the
off rate. Once the koff values for the base-stack constructs and the control were found, the Arrhenius
equation was used for quantification of the Gibbs free energy for each unique base-stack.
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Figure 8. MATLAB Bead Analysis and Time Series
(A) The square shows the initial frame of the experiment. MATLAB initially identifies all beads;
then, the beads are accepted (green) or rejected (red) manually. The program tracks the accepted
beads over the length of the experiment (inset). (B) A time series is created to track the beads, and
the time when the bead is no longer in frame is recorded. Using this data, analysis is done to obtain
a tethered beads vs. time graph.
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Results
A. Overview of Isolating the Base-Stacking Interaction
The energetics of DNA duplexes were determined using pulling single-molecule
experiments with the CFM. For decoupling the DNA base-stacking energy, which occurs between
adjacent nucleotides (Fig. 9 A), we designed pairs of DNA constructs that when hybridized to each
other have the same base-pairs and only differ by a single base-stack. These constructs were
anchored to magnetic beads and the glass slide using streptavidin-biotin interactions (Fig. 9 B).
The glass and bead construct both had complementary overhangs of 8 base-pairs that came together
to form the hybridized construct. When the two constructs hybridized, they formed one base-stack
of interest. In the control hybridized constructs, the 8 base-pairs were present, but it had a spacer
instead of a base-stack (Fig. 9 C). The spacer was a sequence of three thymines that did not basepair during hybridization. The CFM applied a constant centrifugal force on the hybridized
construct using a standard benchtop centrifuge, which caused the variable region of the construct
to dissociate over time.

Figure 9. Base-Stacking Construct Designs
(A) DNA with inset of base-stacking interaction between adjacent nucleotides. (B) Dissociation
occurs in the variable region, in the black square, as force is applied. (C) The control design
allows 8 base-pairs to form, and the presence of thymine nucleotide spacers prevent new basestacking. The unique base-stack design is identical to the control, except for having no spacer in
the green construct, which allows for one extra base-stack to form.
16

We performed single-molecule pulling experiments on 12 hybridized DNA constructs (10
for each unique base-stack and 2 for controls) to determine the base-stacking of the 10 unique
combinations. Experiments were performed at a constant 15 pN of force, temperature of 293 °K,
and held for 60-120 minutes to measure the DNA construct dissociation by observing beads
disappearing from view. We performed at least 7 replicates for each condition, collecting data
points ranging from 171 to 1,136 individual events for each case.
The decay plots that were obtained from these experiments were then fitted with a singleexponential decay (Equation 2) to determine the off-rate (koff) for all the base-stack and control
designs. Then the difference in off-rates of the single-base-stack design and its respective control
design were compared to obtain the difference in activation energy of both the constructs, which
corresponds to the stacking energy of the bases. Since both hybridized constructs have the 8 basepairs in the variable region, when taking the difference, the energy contribution of the base-pairs
cancels out, leaving only the Gibbs free energy for each unique base-stack interaction to be
quantified (Fig. 10).

Figure 10. Exploring the Base-Stacking Energetics
This is a free-energy diagram of the base-stack and control construct dissociating, when assuming
similar on-rates for the base-stacked and the control construct. The reaction colored in red is
indicative of any base-stacking construct, and the reaction in blue shows the control with no basestack. The activation energies of the constructs are represented with arrows, and the ΔG for the
base stack is shown in green.
17

B. Determining the koff Values for the Base-Stack and Control Designs
Using the MATLAB program, the dissociation times for each design were determined, and
decay plots were prepared for each design. For each base-stack and control, a scatterplot was
plotted with time on the x-axis and normalized tethers remaining on the y-axis. Then, exponential
decays were fitted to the scatterplots for each base-stacking combination and their respective
controls (Fig. 11). The decay curves for the different base-stacks were distinguishable, indicating
that different combinations were energetically different. Equation 2 was then used to calculate the
koff values for each design (Fig. 12).

Figure 11. Decay Curves for Base-Stack Designs and their Respective Controls.
The scatter plot and decays for each base-stack and control are overlayed on top of each other.

Figure 12. Off-Rates for Base-Stack Designs and their Respective Controls
The koff values for each base-stack and their respective controls were determined in s-1.
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C. Determining the Gibbs Free Energy Values for the Unique Base-Stacks
To determine the ΔG of one base-stack, the Arrhenius equation was manipulated.
01

𝑘 = 𝐴𝑒 (+23)

(3)

𝑘(55 ∝ 𝑒 +71 ⁄89

(4)

From there, the two koff values for the base-stack design and its respective controls were related.
,;<<=
,;<<>

= 𝑒 (7 1> +71=@⁄89

(5)

This can then be rearranged to get the modified equation we used to calculate the ΔG values.
,

Δ𝐸C = Δ𝐺ECFG+F-CH, = RT × ln (,;<<= )
;<<>

(6)

The Δ𝐺ECFG+F-CH, is the Gibbs free energy for the base-stack of interest, which is the same as the
ΔEa or the activation energy of the base-stack, koff1 corresponds to the off-rate of the base-stack
design at a given force and temperature, koff2 corresponds to the off-rate of the respective control
design, R is the universal gas constant, and T is the absolute temperature (in Kelvin).
The koff values (Fig. 12) for each base-stack design and their respective control design were
plugged into the modified Arrhenius equation (Equation 6) to quantify the ΔG for each base-stack
(Table I). The ΔG for the AG base-stack was determined to be -2.39 ± 0.23 kcal/mol. The ΔG for
the AA base-stack was determined to be -2.24 ± 0.22 kcal/mol. The ΔG for the GG base-stack was
determined to be -1.82 ± 0.24 kcal/mol. The ΔG for the CG base-stack was determined to be -1.81
± 0.31 kcal/mol. The ΔG for the AC base-stack was determined to be -1.54 ± 0.15 kcal/mol. The
ΔG for the AT base-stack was determined to be -1.50 ± 0.34 kcal/mol. The ΔG for the GT basestack was determined to be -1.37 ± 0.26 kcal/mol. The ΔG for the TT base-stack was determined
to be -0.72 ± 0.17 kcal/mol. The ΔG for the CC base-stack was determined to be -0.56 ± 0.22
kcal/mol. Finally, the ΔG for the CT base-stack was determined to be -0.39 ± 0.16 kcal/mol.
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These values revealed the extent of the energy contributions of all ten base-stacking
interactions. When graphed to a bar chart, a trend emerged when the base-stacks were split into
three categories (Fig. 13). Purine-purine base-stacks included AG, AA, and GG. Purine-pyrimidine
base-stacks included CG, AC, AT, and GT. Finally, pyrimidine-pyrimidine base-stacks included
TT, CC, and CT. For the most part, purine-purine base-stacks had the lower ΔG values, then
purine-pyrimidine base-stacks, and finally pyrimidine-pyrimidine base-stacks had the higher ΔG
values.
Table 1. Stacking Free Energy for the Bases in DNA

(A) The stacking energy with uncertainty calculated for all base-stacking combinations is shown.
The base-stacks were grouped into three categories (purine-purine, purine-pyrimidine, and
pyrimidine-pyrimidine).

Figure 13. ΔG Values for Base-Stacks Visualized
A trend between base-stacks emerged.
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Discussion
This project was aimed at quantifying the energetics of base-stacking interactions present
in nucleic acids using the centrifuge force microscope as the single-molecule approach. The
experimental design of the DNA constructs being tethered between glass and a microsphere and
the benchtop centrifuge applying constant force allowed for efficient and successful quantification;
the design was straightforward, and the logic behind isolating the ΔG for each base-stack
interaction stems from clear calculations. The main accomplishment of this study was the
quantification of all ten ΔG values for the base-stacking combinations that exist in nucleic acids.
From this, we were able to identify a global trend in base-stacking stability. Purine-purine
base-stacks, with their low ΔG values, were the most stable. Followed by purine-pyrimidine basestacks. And finally, pyrimidine-pyrimidine base-stacks, with their high ΔG values, were the least
stable. The CG base-stack was the only slight outlier; however, the trend was within uncertainty
of the value calculated. We were also able to look at the quantified values from a local perspective.
This allowed us to rank the stability for all base-stacking combinations. For instance, AG with its
ΔG value of -2.39 ± 0.23 kcal/mol, was the most stable base-stacking interaction. CT with its ΔG
value of -0.39 ± 0.16 kcal/mol, was the least stable base-stacking interaction.
To put these values into perspective, we can look at the ΔG values of other common bond
interactions. The hydrogen atom to fluorine atom bond has a ΔG of -135 kcal/mol, the hydrogen
atom to hydrogen atom bond has a ΔG of -104.18 kcal/mol, and the hydrogen atom to carbon atom
bond has a ΔG of -90.5 kcal/mol (Cottrell, 1954). Compared to the base-stacking energetics, these
atomic bonds are significantly more stable, which is expected since they are covalent bonds.
Moreover, the base-pairing energetics for guanine and cytosine is -5.8 kcal/mol, and for adenine
and thymine is -4.3 kcal/mol (Stofer et al., 1999). The hydrogen bonding interactions that allow
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for base-pairing, while being less stable than covalent bonds, is still more stable than the basestacking energetics we have quantified. Overall, while the ΔG for base-stacks is minute compared
to covalent and hydrogen bonding interactions, they are present, distinguishable, and important.
The contribution of base-stacking interactions plays a crucial role in stabilizing the double helical
structure of DNA.
Moreover, we can compare the results from this project to the other studies that explored
base-stacking interactions. The study using Stereo Darkfield Interferometry and magnetic tweezers
quantified the free energy for the AG base-stack to be -2.0 ± 0.2 kcal/mol. This is within
uncertainty of the value we measured, -2.39 ± 0.23 kcal/mol, for the AG base-stack. Also, the
study using electrophoretic mobility to study base-stacking interactions determined a range of ΔG
values from -2.70 kcal/mol to -0.12 kcal/mol for the base-stacks (Protozanova et al., 2004). We
quantified a similar range of values, from -2.39 ± 0.23 kcal/mol to -0.39 ± 0.16 kcal/mol.
Overall, quantifying the energetics of every base-stacking combination allows us to
potentially utilize a new set of parameters for optimizing DNA simulations and molecular
modeling. For instance, this should increase accuracy in computational predictions by improving
the force field calibration of the thermodynamics of base-base stacking potential, which is a
component of RNA simulation software (Vangaveti et al., 2017). Also, these base-stacking values
will allow researchers to design more stable nanostructures and complex DNA-based machinery
with better control of its lifetimes (Kilchherr et al., 2016). This project also spotlights the
capabilities of the centrifuge force microscope as a user-friendly and versatile single-molecule
technique for studying the effects of force on biomolecular interactions.
Multiple future steps can be pursued to expand our understanding of base-stacking
interactions. For one, we can explore whether the substitution of deoxyribose to ribose, attached

22

to the nitrogenous bases, will have an impact on base-stacking energetics. We can also explore
how different types of modifications, such as methylation, phosphorylation, or fluorophore
attachment, can influence the energetics of base-stacking. On a broader scale, future plans include
studying other biomolecular interactions, like receptor-ligand binding or enzyme activity assays,
using the centrifuge force microscope.
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